The effects of pulsed electromagnetic field on peripheral nerve regeneration. by Leung, Shiu Man. & Chinese University of Hong Kong Graduate School. Division of Basic Medical Sciences.
THE EFFECTS OF PULSED ELECTROMAGNETIC FIELD 
ON 
PERIPHERAL NERVE REGENERATION 
BY 
LEUNG SHIU MAN 
FOR THE PARTIAL FULFILMENT OF 
THE MASTER DEGREE IN PHILOSOPHY 
BASIC MEDICAL SCIENCES DIVISION 
GRADUATE SCHOOL 
CHINESE UNIVERSITY OF HONG KONG 
JUNE 1990 
316031 
-ilt '41 ' 
WL 
::J ( ( 
/. "- < 
SUMMARY 
The objective of this study was to inv estigat e the e ff ect 
of pulsed electromagnetic field on the regene r ation o f 
peripheral nerve. aim, an h~Tpoth es i s 
stating that the use of pulsed electromagnetic field with 
a carrier frequency of 27.12 MHz could enhance the pe-
ripheral nerve regeneration was set up. 
An e xperiment was then designed to test the stated hy-
p ot he s is. It included three models of nerve da mage s of 
t h e le ft common peroneal nerves of the rat. Th e mode l s 
'--' ere : 1.) c r u she d ne r v e ,,-1 i t h nor e pa i r; 2.) r ep a i r e d c u t 
n e r v e and 3.) artery bridged nerve; l.e. cut nerv e wa s 
n o t re paired but bridged with an artery sleeve . A group 
of s ham operated rats was also included to evaluate the 
pos s ible damage to regeneration that might result from 
the operating proced~res and pulsed electroma~netic field 
-tre a tment program. 
Pulsed electromagnetic field treatment was deliv e red by a 
~Curapuls 419'. This machine had a carrier frequency of 
27.12 tvlHz and modulated at various pulses rate. The 
, .. .. - . <;l~ 
treated rats received 15 minutes treatment every day from 
Monday to Friday. 
Th e rats ln the crushed nerve and repaired c ut n er v e 
groups were either kept for four or eight weeks. The r at s 
of the artery bridge group were scarified eithe r at t h e 
end of the eighth or twelfth hleeks a fter operati o n. For 
the sham operated rats, all were scarified four week s 
after the operation. 
The status of nerve regeneration was assessed 1n three 
ways. They were: 1.) electrical response of the reinner-
vated muscles; 2.) Horseradish peroxidase labelling of 
the anterior horn cells and 3.) cross-sectional myelinat-
ed axon counts of the regenerating nerves. 
The results showed no statistically significant differ-
e nce between the treated and untreated groups. 
In the interaction between the body tissue and electro-
magnetic field, the body tissue would react most effi-
ciently with certain field parameters. The insignificant 
result of this experiment might be attributable to 
fective field parameters. 
inef-
However, there appeared to be less fibrous adhesions 
around the operated nerve segments among the treated 
rats. If this observation was sound and was the result of 
the pulsed electromagnetic field treatment, the clinical 
significance is obvious. 
In conclusion, the use of pulsed electromagnetic field 
under the chosen experimental parameters was found to be 
ineffective to enhance the peripheral nerve regeneration. 
It is suggested to further study the effects of electr o -
magnetic field on the formation of fibrous adhesions; and 
search for the effective field parameters that would 
enhance nerve regeneration. 
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Peripheral nerve damage lS a common clinical cond i tion . 
Despite the numerous efforts given to promot e hea l ing , 
the recovery lS still far from being satisfactory. Th e 
search for new methodology to give better results has 
alwa y s been a challenge to scientists and clinicians. 
1.1 Surgical interventiod done for nerve injuries 
Over a few decades a lot of work had been devot e d for 
remedies to help patients with nerve . . . lnJurles. Th e s e 
included sophisticated suturing techniques , such as the 
most popular epineurial and perineurial suturing. There 
were also various nerve grafting methods to fill up a 
nerve gap that was created by loss of nerve segment 
[ 1 ,2, 3 , 10] . 
In addition, there were a lot of reconstruction surger y 
to compensate for the loss of function. For instance , 
there was neurovascular cutaneous island pedicle flap to 
restore sensibility in the hand. In case of radial ner v e 
palsy, there was transfer of pronator teres to the e x ten-
sor carpl radialis brevis tendon to obtain wrist exten -
sion [21. 
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1.2 Rehabilitation procedures after nerve injuries 
On the rehabilitation side, there were also a number of 
manoeuvres to help these patients. For instance, the use 
of functional splints was a very common method to main-
tain a limb or a joint in a good position. Therefore, the 
affected limb could still retain some of its function. 
Lively cock-up splint for radial nerve palsy; static or 
dynamic ankle-foot-orthosis for common peroneal nerve 
palsy, were well known examples of functional splints 
rI, 2 , 3 , 4 , 1 . 
Another commonly employed physiotherapeutic method was 
electrical stimulation of the denervated muscles. The alm 
of doing this was to maintain the normal physiological 
state of the affected muscle. Adequate stimulation could 
delay wasting, degeneration or fibrosis of the involved 
muscle [33, 34]. It also helped in reducing oedema that 
resulted from impaired muscle pumping mechanism, and 
hence improve the local circulation. Electrical stimula-
tion also participated in re-educating a partially den-
nervated muscle or transferred tendon [5,6,]. 
Certainly, active and pass1ve mobilizations of the af-
fected and unaffected limb were important to maintain th e 
mobility of the affected joints. It also help 1n ma1n -
2 
taining the remaining function of the patient [7 ,81. 
1.3 Frustrating results of recovery after nerve injur ies 
Despite all of the mentioned effort, the recovery of th e 
nerve injury remained largely unpredictable and uncon-
trollable. In most of the cases, the result was usually 
frustrating. Strength recovered was unsatisfactory. The 
regained muscle power was not sufficient for functional 
activity. Sensation abnormality was common. There might 
be decrease ln the sensation or persistent unpleasant 
feelings, such as pins and needle or intolerable pain 
from neuroma. [1,2,3,11,35,36]. 
1.4 Reasons for the poor results 
All these frustrating recoveries were results of a few 
physiological factors associated with nerve regrowth 
process. First, there might be insufficient number of 
axons regenerated. A significant number of the regenerat-
ing axons might be blocked from continuing their growing 
course by the scar at site of the lesion. In the worst 
case, all the axons were completely blocked and formed a 
painful neuroma [12]. 
A large number of the regenerating axons might grow into 
the interfunicular spaces. Thus, they would have ex-
3 
tremely littl e c hanc e of reac hing t heir end - organ s . 
Due to these two reasons, the number of the 
axons 1n the distal nerve stump were much reduced [1,2]. 
The slow growth rate of the axon regeneration also led to 
complications in the recovery. The regrowing rate was 
only approximately 1 mm per day. If a lesion was situated 
at a very proximal level, such as at the brachial plexus, 
it might take many months or years for the regenerating 
axons to reach their distal end organs. Time was also 
needed for the axons to become mature and function nor-
mally. Therefore, the denervated muscle mi~ht become 
fibrotic before the arrival of the regrowing axons. The 
affected joints might become stiff due to insufficient 
exercise. As a result, the final functional ability of 
the involved limb was much reduced [1]. 
Another important factor that hindered the recovery 
following nerve lnJury was inaccuracy of the regenera-
tion. It was a well known condition that the regrowing 
axons must grow along an endonuerial tube. This tube 
would guide the way to i t s connected end-organ. After 
trauma to a nerve, axons distal to the lesion would 
degenerate and eventually be removed by the process of 
phagocytosis. However, the endoneurium would not degener-
ate. This would leave a scaffold in the distal nerve 
4 
stump. 
When there was any regenerating axon reaching this scaf -
fold, it would grow into one of these empty endoneu rial 
tubes. It also would grow along this tube until it r e a ch 
to the connected end-organ [13,14]. 
Unfortunately, the selection of going into the endoneuri-
al tube was totally random. A motor axon might go into an 
endoneurial tube which was connected with a sensory 
apparatus. Vice versa, a sensory axon might be guided to 
a muscle fibre. As a result this kind of regeneration 
would be functionless. The situation was even worse In 
human subject. This was because most of the nerves in the 
human body were multi-funicular, so this kind of func-
tionless regeneration was much more obvious [1,9]. 
Because of the above mentioned frustrating clinical 
recovery following nerve injury, there was a lot of 
research work devoted to this topic. The application of 
electrical or eleotromagnetic field to enhance the growth 
was one of the study area. 
1.5 Objective of the study 
The objective of this study was to investigate the 
effect of pulsed electromagnetic field treatment on 
peripheral nerve regeneration. 
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1.6 Hypothesis and organization o f t h e study 
In conjunction with the objective, a h ypo t hesi s ~as 
setup. It was hypothesized that by using the pul sed 
electromagnetic field the peripheral nerve regene r a tion 
could be enhanced. 
In order to test this hypothesis, three kinds of periph-
eral nerve damages in rats were employed as the study 
models. The first one was to create a standard crush 
injury in the nerve and then allow spontaneous healing. 
The second was to make a sharp transection of the nerve, 
then reappose the cut ends and suture back carefull y 
under magnification. These two methods were classical 
models for investigating the regeneration of peripheral 
nerves. The third model was to create a standard gap in 
the nerve by removing a segment of it. Then an equivalent 
length of rat artery was used to bridge the gap. This 
artery bridge forms a conduit for regeneration [44,45]. 
After surgery all the rats were kept alive over standard 
periods of time. Half of the rats were treated with 
pulsed electromagnetic field five times per week (from 
Monday to Friday), the other half did not have any treat-
ment and serve as the control. 
The pulsed electromagnetic field generator used was 
6 
t Cu r apuls 419'. It had a fi x ed c a rr i er f r equenc y of 27 . 1 2 
MHz and could be modulated to various puls e repetiti on 
from 16 to 200 pulses per second (pps). The p u lse dura-
tion was fixed at 400 usec. This specification was common 
in the local physiotherapy departments. 
The status of regeneration was assessed in three aspects , 




THE EFFECTS OF PULSED ELECTROMAGNETIC FIELD ON PER I PHERAL 
NERVE REGENERATION 
There was a steady growth on the knowledge of the biomed-
ical effects of electromagnetic fields. It ranged from 
body imaging that aided in medical diagnosis in hospital 
to cell growth control in the laboratory culture [ 37, 
38] . The use of electromagnetic field was also shown to 
promote the union of fracture [40]. Although there wer e 
no consensus in the field parameter ( i . e . frequenc y, 
pulse duration, field strength, etc.), the immunologi c 
s y stem was shown to be influenced by an external electri-
cal field [39). There was also vast information con-
cerning the beneficial influence of electromagnetic 
fields in enhancing soft tissue healing [41]. Becker [42) 
was even able to demonstrate that by using appropriate 
current, he could stimulate partial regeneration of 
forelimbs ln 21-days-old rats. But, what was the effects 
on nerve tissue? This will be the maln theme of the 
coming few sections. 
2.1 Electrical field and nerve growth 
It has been shown ln cell culture that neurite out g rowth 
could be affected by the presence of a weak e x trac e llu-
8 
lar electric field [23, 2 4 , 25J. Th e re was a p ref e r e n t i al 
growth towards the cathodic pole of the field. Howeve r , 
after the removal of the field or reversal of th e f ield 
polarity, this kind of orientated growth disappeared. 
A similar effect also occurred in V1VO, as demonstrated 
by Pomeranz [26]. When he stimulated the partially dener-
vated hindpaws of rats by a cathode with direct current, 
there was more sprouting from the nearby intact nerve. In 
the same experiment he also obtained an increase in nerve 
sprouting by stimulating the denervated area with an 20Hz 
alternating current. The intensity needed, however, was 
one thousand times stronger than that used in the direct 
current. 
2.2 Experimental findings on the effects of the electro-
magnetic field on peripheral nerve regeneration. 
When an animal was placed in an fluctuating electromag-
netic field, an alternating current of the same frequency 
would be induced ln the animal's body (personal communl-
cation with Dr. T. Choi, Department of Electronics, The 
Chinese University of Hong Kong). Therefore, if an alter-
nating current could enhance nerve sprouting, then a 
suitable external electromagnetic field might also have 
the similar effect. 
The exact effects or working mechanism on nerve regenera -
9 
tion was unknown. There was a lot o f c on t r oversy as we ll. 
Different workers obtained very different re s u lts. Var -
ious kinds of fields were also tried. Broadl y , it co uld 
be divided into experiments with strong fields and exper-
iments with weak fields. 
2.2.1 Experiments with a Strong Field 
1 
Wilson et al [27] employed a tDiapulse' machine as the 
source of the pulsed electromagnetic field to tre~t 
experimental nerve lnJury. The median-ulnar nerve ln the 
upper part of the forearm of a rat was divide d and a 
small portion of 2mm in length was removed. Then the 
nerve was reapposed with an epineurial suture. The rate 
of regeneration was assessed by nerve conduction and 
histology. Stimulation was given for 15 minutes dail y to 
the experimental rats. 
In the treated animals there was return of nerve conduc -
tion 12 days after the operation. Thirty days after the 
operation, there was a tnormal biphasic' action potential 
ln the treated animals. For the control animals, there 
were only small flickers in the nerve conduction re-
1.* N.B. tDiapulse' machine was a electromagnetic field generato r 
with a carrier frequency fixed at 27.12 MHz. This carrier wa ve 
can be modulated or regulatd to deliver the wave energy lD a 
pulsative form. The modulation could be varied from 80 t o 6 00 
pulses per second (pps). The pulse duration was fixed at 65 u s ec . 






Even up to 60 days post- o p e ra t i o n t h e 
improved much. For the hi$tological 
distal to the point of suture in th e 
on the 30th day after surgery showed 
situati o n 
f i nding s , 
t reat ed 
tha t 
nerve contained abundant regenerating nerve fibres, 
th e 
but 
of a reduced diameter. In the control animals sections on 
the 60th day after the surgery also showed evidence of 
regeneration. However, the degree of recovery was not as 
advanced as that in the treated animals. 
Raji et al [28] shared similar exper1ence. In his 
1n 1983, he presented a very detailed statistical 
repor t 
anal y -
S lS of his experiment of using the tDiapulse' ma c hine I n 
treating crushed and repaired common peroneal ner v e 1n 
rats. The left common peroneal nerves of rats were either 
crushed or severed and repaired. Half of the rats were 
treated with daily pulsed electromagnetic field, and the 
remaining half served as control. Rats were scarified in 
certain period of time after the surgery. 
As a result, there was statistically significant acceler-
ation in the degeneration and regeneration of the treated 
nerve. There was also an increase in the luminal 
sectional area of the intraneural vessels in the 
animals compared to control animals. 
cross-
treated 
Kerns et al (29] used another high frequency field with 
a frequency of 2450MHz, i.e. corresponding to the mi c ro-
1 1 
wave. The common peroneal nerves of the rats were tran-
sected and repaired. Then the treated animals we r e put 
under a field of the mentioned frequency. The field was 
delivered ln a sequence of 5 minutes on and 10 minut es 
off. With the specified protocol, the rectal temperatur e 
o 
was kept below 40 C. Therefore, the deep tissue tempera-
ture was well below the traditional therapeutic range of 
o 0 
43 C to 45 C needed for an increased in blood flow. The 
treatment was given for one hour daily. 
It was at varlance with the preVlOUS two reports. The y 
observed no ·apparent difference in the treated and the 
untreated animals. The observation was based on histolog-
ical study only. In the conclusion, they suggested that 
ln the ideal situation the morphometric data should be 
accompanied by behavioral, and physiologic experiment, so 
that a more complete picture could be obtained. 
2.2.2 Experiments with a Weak Field 
So far, the electromagnetic fields discussed were of 
high frequencies and strong peak outputs. There were also 
work done on the other extreme of the electromagnetic 
fields spectrum. The fields were of comparatively low 
frequency and weak output. 
H. Ito et al [30] used a coil that delivered a repeti-
tive, single-pulse at 380 usec at 72Hz, and with an 
12 
amplitude adjusted at 15mV. The sciatic nerve of r at s 
were divided and repaired in order . to create a l esion. 
The treatment by the electromagnetic field was gi v en a s 
12 hours and 24 hours daily. There was also a control 
group which received no electromagnetic field treatment . 
Then the regeneration was assessed by histological study 
of the nerve specimens and functional evaluation by the 
muscle twitch of the ankle plantar flexors. 
; The treated rats were found to have better axonal growth 
In the distal stump and advanced further than the un-
treated animals. The fiber Slze was generally increased 
In the treated rats. In the cross-sections of the un-
treated animals there was apparently more interaxonal 
collagen than the treated rats. The muscle twitch of the 
treated rat was paralleled with the histological finding. 
It was twice as powerful as the untreated group. However, 
there was no statistically significant difference between 
the 12 hours treatment group and the 24 hours treatment 
group. 
It seemed the duration of stimulation needed not to so 
long. Sisken et al [31] had investigated the effect of 
the pulsed electromagnetic field on sciatic nerve with 
different durations. The exposure times were 1, 4, 10 
hours per day, or set to a 6 hours on-and-off cycle. The 
pulsed electromagnetic field had amplitude of 0.3 mT , 
13 
pulse duration of 20msec, pulse repe tition of 2H z. 
They found that there Has 22% increase ln th e reg e n era-
tion rate in the treated rats. This increase was n ot 
influenced by the duration of stimulation. 
The pulsed electromagnetic field treatment was able to 
produce a tconditioning effect' as well. If rats had been 
exposed to the pulsed electromagnetic field before the 
lesion ; but no exposure afterward, the regeneration rate 
was also increased. This increase was at a comparable 
level with those rats that received e x p o sure after th e 
surgery. 
There was no correlation betHeen the orientation of the 
field and the regeneration rate. Despite the finding that 
in cell culture studies [24], the neurites outgrowth was 
influenced by the orientation or direction of the field, 
1n Sisken's experiment the orientation of the field 
caused no difference in the result. Whether the rats were 
restricted in one direction with respect to the field or 
they were free to move under the field, the regeneration 
rate was the same. 
However, there was no guarantee in producing enhanced 
regeneration by exposing the damaged nerve under a pulsed 
electromagnetic field. M.G. Orgel et a1 [32] exposed cats 
with damaged common peroneal nerve under two differen t 
14 
e le c tr omagneti c fields. One fi e l d h a d pu lse b u rst of 
380usec duration and cycled at 15Hz. The o ther field h ad 
pulse duration at 200usec and cycled at 72Hz. None o f th e 
fields could increase the regeneration rate. 
As far as the compound action potential and the ner v e 
morphology were concerned, there was no difference be-
tween the treated and untreated cats. However, there was 
better labelling of the anterior horn cells by horserad-
i sh peroxidase In the spinal cord after 3 months of 
stimulation. This indicated that there was impr oved re-
establishment of the neuromuscular conne c tion. 
The results of all the mentioned report s c an b e summa-
r i zed with the following table (table 2.1). 
DESCRIPTOR 
Wilson [27] 
Raj i [28 1 
FIELD PARAMETER 
Carrier wave: 27.12MHz 
carrier wave: 27.12MHz 
modulation: 400 pps 
peak power: 15.2W 
treatment: 15 min/day 
1 5 
RESULT 
Earlier return of 
nerve compound 
action potential 









carrier wave: 2450 MHz 
modulation: 5 minute-on 
10 minute-off 
frequency: 72 Hz 
pulse duration:380 usec 
pulse amplitude: 15 mV 
treatment: 12 hr/day 
24 hr/day 
frequency: 2 Hz 
pulse duration: 20 msec 





frequency: 15 Hz 
pulse duration: 380 usec 




No diff e r e nce 
between the 
treated and 










22% increase In 
the re ,genera-
tion rate among 
the treated 
rats. 
no effects on 
the compound 
action poten-
tial and the 
nerve morphol-
negative og y . However 
28 usec off ther e was 
better l ab e l-
frequency: 72 Hz ling of t h e 
pulse: 200 usec anterior h orn 
positive cells using 
6 msec Horseradish 
negative peroxidase in 
the treated 
cats. 
Table 2.1 Summar y of various experiments trying with th e 
effects of electromagnetic fields on peripheral n e r v e 
regeneration 
2.3 The diversity of interest 
It is clear that there was a lot of interest ln the 
research of the effect of pulsed electromagnetic field on 
peripheral nerve regeneration. The interest was not just 
confined to a certain kind of fields, but extended from 
very low to very high frequencies. There was also a wide 
stretch In the field strength, from very weak to ver y 
strong output. Not surprisingly, there was no consensus 
on which was the most effective field parameter. However, 
Vla various studies more and more information was gath-
ered. This would eventually help us In the understanding 




PHYSIOLOGICAL EFFECTS OF THE PULSED ELECTROMAGNETI C FI ELD 
The type of pulsed electromagnetic field used In th is 
study was a modulated shortwave field. It had a carrier 
frequency of 27.12MHz. Therefore, it is worthwhile to 
review the biological effects of this kind of field. 
3.1 The conventional use of electromagnetic field in 
musculo-skeletal rehabilitation 
Since the beginning of this century, the application of 
electromagnetic field was widely used In rehabilitation. 
For instance, the use of shortwave and microwave In the 
treatment of musculoskeletal paln. Both types of fields 
were capable of inducing heat In the vascular tissue. It 
was also generally accepted that the therapeutic effects 
were largely due to this induced heat [5,6]. 
3.2 Pulsed electromagnetic field 
Despite of the above mentioned general belief, there were 
also claims that the electromagnetic field should have 
some other kind of influence on body tissue. This kind of 
influence was athermi c in nature. At the same time , t her e 
we re experimental r es ul ts whi c h showed that the b ody 
1 8 
nal electrical or electromagnetic field [15,16,171 . 
In order to eliminate the heating effect of the co ntinu -
ous electromagnetic field, the field was mad e to be 
pulsative. In other words, the field energy would be 
liberated in a number of pulses in a certain interv al of 
time. (Fig. 1) 
3.3 Nature of the pulsed electromagnetic field with a 
carrier frequency . of ; 27.12 MHz 
The field had a carrIer h' a ve fixed at 27. 12:IHz. It ~;a s 
modulated and delivered In a IJul sa tive fashi o n. Tll e 
modulation could be varied from several pulses to a 
hundred pulses per second. Because of the short pulse 
duration, any heat that developed by each pulse would be 
carried away by the blood circulation during the 












Fig. 1. Diagrammatic presentation of the pulsed 
electromagnetic field and thermal effect. 
a.) pulses with a certain intensity. 
b.) thermal effect. 
19 
rela-
3.4 Therapeutic effects of the pulsed elec tromagne tic 
field 
It was claimed that the pulsed electromagneti c fi e ld had 
the following effects [16, 171: 
I.rapid healing of wound. 
2.rapid reduction of pain. 
3.rapid reabsorption of haematomas and oedema. 
4 .rapid healing of fractures. 
5.powerful stimulation of the peripheral circulation. 
Although 
e ffe c ts, 
scanty. 
it was claimed to have such many therapeuti c 
published experimental verification was ver y 
The mechanism of how the pulsed electromagneti c 
field achieved such effects was still unknown. 
3.5 Some experimental results of the pulsed electromag-
netic field 
3.5.1 Treatment of soft tissue injuries. 
D.H. Wilson reported his clinical result on this t ype of 
treatment in 1972 [18]. He selected patients who suffered 
an inversion injury of ankle during the preceding 36 
hours. They were physically and radiologically examined 
to exclude any bony injury or ligamentous instability of 
the ankle. Then the injury was graded for swelling, paln, 
and disability. The patients were paired for age, se x , 
and degree of injury. The pulsed electromagnetic fi e l d 
wa s g enerated by a tDiapulse' machine. 
20 
Patients received daily treatment f~r three da y s . Onl y 
one of each paired patients would receive genuine treat-
ment, while the other one could receive placebo st i mu la -
ti Gn. Each patient was evaluated and graded before t he 
first treatment and after the last treatment. Neither the 
patient nor the examiner were not informed which one had 
the genuine treatment and which had the placebo. 
There were 20 palrs of patients i~cluded in his study. 
His result shown that there was better improvement among 
the treated patients. The average percentage of lmprove-
ment ln the treated group was twice as much as that 
the placebo group [18]. A question following this exper-
iment was: could a conventional shortwave diathermy (i.e. 
continuous electromagnetic field of 27.12 MHz) produce 
the same effect? 
In order to answer this question, D.H. Wilson [19] also 
compared the effect obtained from pulsed electromagnetic 
field with that from conventional shortwave diathermy. 
The methodology was similar to the previous one. Inver-
sion lnJury 
condition. 
of the ankle was still the 
Patients were paired and treated 
experimental 
for three 
days. This time one patient in each pair received conven-
tional shortwave diathermy, while the other one had 





indicated that the a v erage perc e n t a ge of 
in the pulsed electromagnetic field t r ea ted 
again, twice as much as the convention a l 
shortwave treated group. D.H. Wilson concluded that t he 
action of the pulsed electromagnetic energy was not due 
simply to a thermal effect on the tissue but to some more 
specific biological action. 
However, he had not elaborated on what was meant by the 
t more specific biological action'. In both studies he had 
not mentioned about the details of the treatment. These 
included the pulse repetition and the output of machine 
during the treatment. 
3.5.2 Treatment for hand injuries 
Apart from treating soft tissue injury, Diapulse machine 
was used for another clinical trail again. It was used 
for treating hand injury by Barclay et al [20]. 
Patients with various hand injuries were selected for 
this study, but excluding those with carpus or bony 
injuries. Hence, they basically only treated the soft 
tissue damage. There were totally 230 cases included in 
this series. The first 114 cases were treated with the 
pulsed electromagnetic field delivered by the tDiapulse' 
machine. The energy output was set to the maximum. Th e 
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remaining 116 patients was used as the con trol group. 
Apart from receiving pulsed electromagnetic field treat-
ment, all patients received routine medical atten tion. 
They were graded according to their swelling, degree of 
disability and pain. 
After seven days of treatment, the treated group showed 
over 90% reduction in their swelling, disabi~ity and 
paln. However, the control group showed no reduction ln 
swelling, but worsening ln disability and only had 57% 
relief in pain. It revealed that treatment with pulsed 
electromagnetic field had significant therapeutic value. 
3.5.3 Effects on experimental haematomas 
Besides 
clinical 
the above mentioned clinical trial reports on 
soft tissue injury, there were laboratory 
experiments concerning the haematoma resolution. 
the field generator was the tDiapulse'. 
Again, 
Fern et al [21] produced experimental haematomas by 
injecting blood into the ears of rabbits The treated 
rabbits were then treated for 30 minutes for two times 
daily. The pulse repetition of the machine was set to 400 
pulses per second. The experiment last for 9 days. 
The areas of the haematomas were measured, and the colour 
was noted. Their result showed that, when compared with 
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the control group there was significant accelera tion 
the resolution of the treated heamatomas. This was a lso 
reflected by more rapid removal of pigments as indicat ed 
by the colour change. 
3.5.4 Experiments on skin flap survival 
c. Krag et al [22] reported their failure ln enhancing 
skin flaps survival by the use of the tDiapulse' pulsed 
electromagnetic field. A skin flap of 4x9 cm was 
; raised 
on the deep fascia including the panniculus carnosus ln 
each rat. It was made intentionally to be too long to 
survlve completely. But the cranial margin remained 
intact with the body. 
The viability of the flaps was assessed in three differ-
ent methods: (a) fluorescence ln U-V light in order to 
map the outline of the exact area of surviving skin; (b) 
vital capillary television ffilcroscopy to detect the 
borderline between the active and arrested capillary 
circulation; ( c ) the surviving length of the flaps at 
seventh post-operation day. 
The treatment was given to the experimental rats twice 
daily with each session lasting for 10 minutes. The pulse 
repetition was set at 400 pulses per second. 
For the result, there was no difference In the a c tual 
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surviving areas of the flaps b etwee n th e exp eri mental 
and the control groups. There was a lso no diffe re n ce In 
the microcirculation. This finding was In c ontradi c t ion 
with the generally acceptance that pulsed electromagnetic 
field was able to promote circulation. 
3.6 Discussion 
Literature and experimental reports concerning the thera-
peutic value of pulsed electromagnetic field with a 
carrier frequency of 27.12MHz were very limited. Howe v er, 
the use of this kind of treatment ~~as highly promoted b y 
the equipment manufacturers. It may be seen that thi s 
form of treatment is becoming more and more common in th e 
physiotherapy departments everywhere in the world. 
Judging from the limited clinical and experimental re-
ports, the best results were observed when treatment was 
given to soft tissue injuries ln their early stages 
(18,19,20,21] . All the injuries were mild when compared 
with the usual clinical 
daily practice. 
conditions encountered in one's 
Moreover, all the available experimental reports were 
done with the tDiapulse' machine. This is not a commonl y 
used clinical equipment. Locally, the most common pulsed 
electromagnetic field generators with the same carri er 
frequency was installed with a pulse duration of 4 00 u sec 
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inst e ad of 65 usec. Experim e ntal info r mati o n c o n cernirLg 
this type of machine was even more limit ed . T h e onl y 
source was from the manufacturer [161. It th e r efore 
easy to realize how empirical this form of tr e a tment 





In order to test the hypothesis on the use of pulsed 
electromagnetic field could enhance peripheral ner ve 
regeneration, 
carried out. 
an experiment of the following design Has 
4.1 Experimental animals and anaesthesia 
Adult male rats of approximately 500 g Here used as the 
experimental animals. The left common peroneal nerve was 
selected to be the lesion site. Since this nerve wa:; 
monofascicular, it prevented the situation of the growing 
axons regenerating from one fascicle into another 
cle. 
fasci-
Fig 4.1 Photograph shows the mobilized nerve segment. 
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All rats were anaesthetized by intra-peritoneal inj ection 
of 0.6 ml of 5% pentobarbital salin~ solution. Then t he 
rat was put in right side lying with the hair over th e 
left thigh shaved~ A skin incision along the left femu r 
was made. The left common peroneal nerve was exposed 
through a muscle split between the gluteal maximus and 
the biceps femoris. 
About 2.5 cm long segment of the common peroneal nerve 
was mobilized from the adjacent tissue of the thigh. (Fig 
4 . 1 ) 
4.2 Models of lesions 
Three models of lesions were employed for the experiment. 
They were i) direct repairing, ii) crushing, and iii} 
using a blood vessel segment to bridge the nerve. 
4.2.1 Direct repairing method 
The nerve was sharply transected at a level of 2 cm from 
the fibular head. Then the two nerve stumps were reap-
posed and sutured back. Four epineurial sutures were made 
o 
using 11/0 nylon at 90 to each other. (Fig 4.2) 
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Fig 4.2 photograph showing the repaired nerve 
4.2.2 Crushing method 
The second model was to crush a nerve segment. A shallow 
epineurial suture with 11/0 nylon was anchored to the 
epineurium at a level that was 1.5 cm from the fibular 
head. This was to demarcate the distal margin of the 
crush [31]. 
Then the segment was raised onto a small copper anvil of 
4 mm width. The level that had the suture was positioned 
at the distal edge of the copper base. Two small sheets 
of Parafilm (a brand of parafin paper) of about 5x5 mm 
were put on top of and underneath the raised segment of 
nerve. This was to protect the nerve being cut apart b y 
the edge of the copper base. 
29 
Then a vertical aluminium p1pe with square cros s - sec tion 
was positioned 5 cm right above the raised s egment of 
nerve. The state of being vertical was checked aga i n st a 
plumb-line. The pipe was held rigidly by three clamps to 
a stand. 
Fig. 4.3 Diagrammatic representation 
and picture of the crushing setup. 
Then a rectangular copper block of 66 gm was dropped from 
a height of 85 cm above the raised nerve segment, via the 
aluminium pipe. A diagrammatic representation of the 
whole setup is shown in Fig. 4.3. 
The appearance of the nerve before and after the crushing 
is shown below. (Fig. 4.4, Fig. 4.5.) 
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Fig. 4.4 Nerve before crushing. 
Fig. 4.5 Nerve after crushing 
the epineurium was split open 
By this way of crushing, the nerve remained ln continui-
ty, but the epineurium was split open. 
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4.2.3 Artery bridging method 
The third model of study was to bridge a nerve gap by a 
segment of blood vessel. 
The common carotiod artery was selected as the d on o r 
vessel. It was selected because it provided a very long 
segment without any branch. The internal diameter of this 
vessel was comparable with the diameter of the common 
peroneal nerve at the thigh. An artery was used instead 
of a ~ein as it was easier to handle the thicker wall in 
an artery than in a vein. This could simplified the tech-
nique involved. In order not to create too much trauma t o 
the experimental animal, the artery segment was 
from another rat. 
obtained 
A 500 gm male adult rat was anaesthetized in the usual 
way. It was positioned in supine lying. The hair around 
the neck was shaved. A longitudinal mid-line incision was 
made along the neck. The neck muscles were split apart 
and cut away. The clavicle and the first rib were also 
detached from the sternum. 
By this procedure a long segment of common carotiod 
artery was exposed. Cranially, it was up to the bifica-
tion of that which gave rise to the internal and external 
carotiod artery. Caudally, it was down to the first rib. 
Then the artery was ligated at the first rib level and at 
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the bification level. 
The artery segment that between the two ligations was c ut 
and harvested. The harvested segment was irrigated with 
normal saline and the attached adventitious tissue 
removed. It was then trimmed to a 10 mm in length. 
segment was left immersed in normal saline for the 
bridging procedure. 
Fig. 4.6 Artery segment and the nerve gap 




An experimental rat was anaesthetized and the left common 
peroneal nerve was exposed in the usual way. A nerve 
segment of 1 cm long between the levels of 1 cm and 2 cm 
from the fibular head was removed. Then the harvested 
artery segment was sutured to the proximal and the distal 
nerve stumps. It was done by four epineurial sutures with 
11/0 nylon at each junction. The artery segment was 
approximated to the nerve stumps in an end-to-end fash-
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l.on, l..e. the nerve stump end was sutured to the artery 
segment end with least overlapping. -The distance of th e 
gap was chosen to be 10 mm, as this was the maximum 
distance that a nerve could grow across [50]. 
/-
suture lines .. ' 
artery 1 
' sleeve 1 
"\ 
Fig 4.7 Artery segment bridged the nerve gap. 
4.2.4 Closure of the operated site 
10 crn 
j 
After the surgery, the operated site was irrigated with 
normal saline. The skin was closed by interrupted sutures 
of 5/0 nylon. 
4.2.5 Checking the overall effects of trauma Sham 
operation and Normal Reference 
In order to evaluate the possible trauma that might be 
created by the procedure of exposing the nerve, sham 
operation was carried out. 
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A sham operated rat had the anaesthesia, e x posure and 
mobilization of the left common peroneal nerve in t h e 
same way as described previously. But there was no fur-
ther damage done to the nerve. Then it was irrigated with 
normal saline, and the skin was closed in the same pat -
tern as in other experimental rats. 
All ·the sham operated rats were kept alive for four 
weeks. Half of these sham operated rats were treated with 
the pulsed electromagnetic field, while the other half 
were not. Then they were assessed in the same ways as the 
other experimental rats. Their results would be compared 
with another three normal rats. 
4.3 Sample size and grouping of the experimental rats 
All rats of the same operation were operated in pairs. 
This was to ensure the standard of the surgical tech-
nlque. After the operation, rats would be assigned into 
the treated or control group by tossing a coin. 
There were twelve pairs of r a ts in each kind of opera-
tion, except the sham operated rats which had six pairs 
only. Half of them belonged to the stimulating group, 
while the remaining half were the control animals. 
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In the crushed and repaired groups, half o f th e rats we r e 
scarified in four weeks' time. The other half was sacri -
ficed in the eighth week after the surgery. 
In the artery bridge ~roup, half of the rats were sac r i-
ficed in eight weeks after the surgery. The remainin g 
half was killed In the twelfth week after surgery. 
For the sham operated rats, all were sacrificed In the 
forth week post-operation. (Appendix 1). 
All the rats were kept In the same r o om In t he animal 
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Figures in the table represent the number of rats In the 
group. 
* Y=treatment given 
N=no treatment given 
Table 4.1 The ~rouping of all the experimenta l rats 
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4.4 Pulsed electromagnetic field stimulation 
The pulsed electromagnetic field generator was ~ C u rapu ls 
419'. It had a fixed carrier frequency of 27.12 MHz. Th e 
modulated pulse repetition ranged from 16 to 200 puls es 
per second. The peak output of each pulse was 1000 W. Th e 
average maXlmum output in the pulsed output was 80 w. 
Each pulse lasted for 400 usec [17]. 
The electromagnetic field was delivered through a palr of 
capacitive electrodes. The diameter of each electr ode was 
8.5 cm. During the treatment these electrodes were POS1 -
tioned at approximately 3 cm away from the rat bod y 
surface. (Fig. 4.8) 
Fig. 4.8 The positioning of the electrodes 
and the treated rat which was held 
in a transparent plastic box. 
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The pulse repetition was modulated to 200 pps, and th e 
output was set to 50% of its maximum power i. e . 40 W In 
the average output. [1 7, 46] 
Treatment of pul~ed electromagnetic field was given to 
the stimulation group of rats every day, from Monday to 
Friday. Every treatment session lasted 15 minutes. During 
the treatment, each rat was held in a transparent plastic 
box. (Fig. 4.9) 
CURAP\JLS 4 ' 9 
Fig. 4.9 A rat was receiving treatment, 
the machine on the left was the tCurapuls 419'. 
4.5 Methods of evaluating the nerve regeneration 
At the end of the survival period of the rats, they would 
be assessed for the regeneration status of the left 
common peroneal nerve. 
Apart from gross examination of the operated site, th e 
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n e r ve l~ e ,g e n e r Cl t io n Has fur th e re v a 1 u ate d 1 n t h r e e wa ys . 
Th ey Here 1.) e lectrophysiological function of t h e n e rv e , 
2.) histochemical labelling of the anterior horn ce l ls b y 
Horseradish peroxidase, and 3.) 
of the nerv e specimen. 
histological e x amina t ion 
In orJer to have good tissue preservation for histologi-
cal and histochemical processes, all rats Here killed by 
intra-ventriclar perfusion under anaesthesia. This Has to 
flush out all the blood with normal saline. Then, tissue 
fixati ves we re passed into the circulat o ry system o f t he 
rats. Th is p r oce ss could give a preliminary fi x ati o n o f 
the p e rfu s e d rat. Nerve specimens f o r furth e r hi s tol o g i -
ca l a n d hi stochemical processes were harvest e d, a fter the 
perfus ion. c\ detailed description of the perfusi o n proc-
e ss is gi v en in Appendix 11. 
4.5.1 Electrophysiological evaluation 
Primarily, this . was a measure of how well the ner v e had 
reinnervated the target muscles. It served as a function-
al recovery evaluation [30]. 
The common peroneal is the only motor nerve that inner-
vate the ankle dorsiflexors. If it lS stimulated by an 
electrical s timulus, it will cause ankle dorsiflexion. 
Th e f o r ce o f the ankle dorsiflexion can refl e ct th e 
c onditi o n of mu sc le reinnervation. 
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The rat was aneasthetized as described in section 4. 1. It 
was put in right side-lying with the left ankle tied d own 
on a specially made rack. This would keep the angl e 
o 
between the lower leg and the foot at about 100 
The left common peroneal nerve was exposed again In 
previously described fashion. About 1 cm nerve segment 
proximal to the lesion was carefully mobilized. The 
mobilized nerve segment was raised with minimal tension, 
and was hooked to platinum electrodes. The electrodes 
hTere connected to an electrical stimulus generator. 
4 • 10 ) 
Fig 4.10 The mobilized nerve segment was 
hooked on platinum electrode 
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(Fig: 
Fig. 4.11 The left ankle of the rat was tied down 
on a rack, and a thread was tied to the distal 
phalanx of the middle toe to transmit the tension 
of ankle dorsiflexion. 
Then a thread was tied to the distal phalanx of the rat's 
middle toe. The other end of this thread was connected to 
a force transducer. (Fig. 4.11) 
This force transducer could pickup the tension that was 
ln the thread and sent this signal to an amplifier, and 







FORCE SIGNAL PEN 
" --r- '" 
'" TRANSDUCER AMPLIFIER / RECORDER 
Fig. 4.12 diagrammatic presentation of the electro-
physiological evaluation setup 
41 
Before each re c ording session, the recording s et u p wa s 
calib~ated by hooking a known weight - to the force trans-
ducer. Then the pen recorder would trace out a deflection 
on the recording paper. This deflection corresponded t o 
the force that was exerted by the weight on the transduc -
er. This process was repeated for a few time with differ-
ent weights. 
Fig. 4.13 The actual setup of the 
electrophysiological evaluation. 
Before each measurement, there was a pre-loading of 1 gm 
in the thread by adjusting the length of it. This was to 
ensure the resting tension in the muscle and the thread 
was standardized for every measurement. 
During the measurement, an electrical signal of 1 milli-
second duration at a supermaxirnal intensity of 10 V was 
sent out from the generator to the electrode, at a rate 
of 1 pulse per second. Each ankle dorsiflexion was 
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recorded as a single stroke on the recording p a p er . Th e 
hei£!ht of the stroke represented the force of the mu s c l e 
contraction. 
After a number of contractions, the average height of t h e 
strokes was obtained by drawing a horizontal line acros s 
the peaks of the strokes. This average height was com -
pared with the calibration scale. Hence, the value of the 
contraction force could be calculated. Fig. 4.14~hows a 
sample record that contained the calibration and the 
contraction scale. 
J 
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Fig. 4.14 Calibration scale (left) and ankle 
dorsiflexion contraction record (ri~ht) ln 
the electrophysiological evaluation. 
4.5.2 Histochemical labelling method 
When a neural tracer 1S implanted and made contact with a 
nerve 1 it will be picked up by axons. By the retrograde 
transport within the axons it will be carried to the 
connected cell bodies . The tissue that contains these 
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cells lS taken to react with an appropriate substrat e . 
Then, the tracer will be stained with colour. Since it 
lS contained within the cells, after the reaction the 
cells were outlined and labelled by the stained trac e r 
[10, 48, 49]. 
The neural tracer used ln this study was the type VI 
Horse-radish peroxidase, 1.e. HRP in short. The reaction 
substrate was tetramethylbenzidine, 1.e. TMB in short. 
The HRP was implanted at the fibular head level, an d was 
distal to the l e sion. Therefore, only those neurons th a t 
had axons grown through the lesion and reached the lffi-
plantation level would be labeled. 
30% solution of the HRP was made by dissolving 3 mg of it 
into 10 ul of distilled water. A minimal amount of gel-
foam was used for soaking up the solution. This piece of 
HRP-contained gel-foam was ready to use when it dried up. 
3 
About 1 mm of the dried gel-foam would be used ln each 
implantation. 
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Fig. 4.15 Plastic tube implant for HRP implantation 
and the original plastic tube. 
A small plastic implant was tailored to hold the 
tHRP-gel-foam compound' apposing the nerve ending. It was 
made from PVC plastic tube of internal diameter of 1 . 1 8 
mm. One end of the tube was sealed up by heat. The hollow 
part of it was tailored to give a length of 5 mm. Two 
small holes were made near the open end, 1mm above the 
edge. These two holes were for the anchorage of stitches 
that hold the tube apposing the nerve cut end. A groove 
was cut at the sealed end as well. This groove was for 
the anchorage of a stitch that kept the implant onto the 
underlying muscle. Fig. 4.15 shows the original PVC 
plastic tube and the implant. 
After the measurement of the muscle twitch, an longitudi-
nal incision of approximately 2 cm was made over the left 
fibular head. Then the biceps femoris muscle was cut 
apart along its fibers for about 2 cm. The left common 
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peroneal nerve would be exposed under this muscle. 
An 1 cm long segment of the nerve was mobilized, starting 
from the fibular head and ran proximally. The nerve was 
sharply transected at the fibular level. 
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A piece of the HRP-gel-foam of about 1 mm was put into 
the bottom of the plastic implant. Then the proximal 
nerve stump was carefully pushed into the implant, until 
it made contact with the HRP.; The nerve was secured to 
the implant by two shallow epineurial sutures of 11/0 
nylon. The sutures were made through the two holes near 
the edge of the implant. The implant, then, was anchored 
to the muscle floor by another sutures of 5/0 nylon. One 
of the sutures was around the tube, the other was along 
the groove at the closed end. (Fig. 4.16, Fig. 4.17) 
Fig. 4.16 Implantation of the HRP 
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Fig. 4.17 Two days later, the implant of HRP 
remained in proper position. 
After the implantation the dissected biceps femoris and 
the skin was closed and sutured by 5/0 nylon. The rat was 
kept for another 2 days. This was to ensure that there 
was enough time for the HRP to be picked up and carried 
to the cell body. 
Two days after the implantation, the rat was perfused 
with normal saline and HRP fixative. (The detailed proce-
dure of the perfusion was given ln Appendix I I . ) After 
the perfusion, the common peroneal nerve at the whole 
left thigh was re-exposed. The implant was examined for 
its integrity. The length of the nerve stump inside the 
implant was measured. If this length was less than 2 mm, 
than the implantation would be considered as a failure. 
This was to guarantee that the nerve was held rigidly 
against the implant. 
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When the implantation was considered to be successful, 
then the spine was dissected out. By removing all t h e 
lamina of the lower thoracic and lumbar vertebra, the 
lumbosacral expansion of the spinal cord was exposed. 
(Fig. 4.18) 
The whole expanSlon was harvested and fixed by immersing 
ln the HRP fixative. The fixation lasted for 24 hours at 
o 
4 c. Then the fixative was replaced by sucrose phosphate 
o 
buffet for another 24 hours at 4 C. (Detailed composition 
o f all the solutions used was listed ln the Appendix 
I I I . ') 
Fig. 4.18 The exposed lumbosacral 
expansion of the spinal cord. 
After the fixation, the spinal cord specimen was embedded 
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ln OCT for frozen sectioning. The specimen was orientated 
with the anterior fissure facing the blade, so sections 
of the anterior horn were obtained before reaching the 
posterior horn. Longitudinal sections of the spinal cord 
o 
was cut at -18 C. The thickness of the sections was set 
at 25 micron. All the sections were mounted in sequence 
on gelatinized slides. The sectioning process would be 
carried on until the posterior horn was reac.hed. The 
mounted sections were left to be dried in air at room 
temperature. Then, all of them were reacted i with TMB. 
(The details of the reaction process was listed in Appen-
dix Ill.) 
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Fig. 4.19 Arrangement of the HRP labeled Anterior 
horn cells, after reacting with TMB. 
2.5x12.5 
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Fig. 4.20 HRP labeled anterior horn cells 
after reacting with TMB. 
25x12.5 
Aft e r the rea c t ion, the sec t ion s ~"e rev i ewe dun d er ligh t 
microscope. The anterior horn cells that contain the HRP 
should appeared as cells contained dark-blue granules. 
(Fig. 4 .19, Fig. 4.20) 
All the reacted sections were viewed. The number of the 
labeled anterior horn cells was obtained by counting. 
Since it was possible that a same cell might be cut into 
two or more sections, it might appear In more than on e 
section. In order to minimize the possibility of counting 
a same cell for more than once, only the nucleus of the 
cell was counted. 
4.5.3 Histological examination 
After perfusion, the common peroneal nerve at the ~~ hol e 
left thigh was re-exposed. About 2.5 to 3 . cm long o f i t 
was taken for histological fixation. Th e t hat 
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harvested would depe nd on the type of l e si o n t hat t h e-
rat had undergone. In case of crushed and artery b ridged 
rats, longer specimens were taken. This l.Jas becau se the 
lesions were extensive. 
The orientation of the nerve was maintained by tying th e 
spec1men onto a wooden tooth-pick. An indentation had 
been made at one end of this tooth-pick. This indentation 
would be tied against the proximal end of the n e r ve 
specimen. 
Then the n e rve and the to o th-pick were fixed by immer s i ng 
In glutaldehyde for 2 hours. After this fixation, small 
spec1mens l..;ere taken from selected levels in the nerv e . 
The selected levels are listed 1n the following table 4.1 
on the next page. 
Type of lesion 
Repaired 
Crushed 
Artery Bridg e 
selected level for histological study 
i ) 3 mm distal to the suture line. 
i ') 2 mm proximal to the demarcation 
suture, this was corresponding to 
the middle of the crushed segment. 
ii) 3 mm distal to the demarcation 
suture. 
i ) midway between the two suture lines 
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on the bridge. 
ii) 3 mm distal to the distal sutur e 
line. 
Table 4.1 Levels of specimen selection for histology 
in different types of lesion. 
These smaller specimens were further fixed ln Osmium 
tetroxide. Eventually, all were embedded in Eposin. The 
details of the histological fixation a~e listed in Appen-
dix IV. 
Transverse sections of one mlcron thick were cut from 
each specimen. The sections were stained with one percent 
toluidine blue for light microscopy. 
4.5.4 Electron microscopic examination 
In order to have more detailed structure of the Crushed 
and Artery Bridge groups, representative specimens from 
these two groups were selected for electron microscopic 
examination. 
In the Crushed groups two specimens were selected from 
the four-weeks-survival ,groups, while in the Artery 
Bridge groups another two specimens were taken from the 
eight-weeks-survival groups. In each case one specimen 
was from the treated rats, and the other one was taken 
from the untreated rats. 
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Ultra-thin sections of the fixed specimens of 900 to 1500 
A were cut. The sections were stained with uranyl acid 
and lead acetate. 
4.6 Statistical analysis 
Results of the muscle twitch, HRP labelling of anterior 
horn cells and myelinated axon counting of the treated 
and untreated groups were compared by using the:"Student's 
t-test. In the sham operations, the treated and untreated 
groups were separately tested against the normal refer-




Due to the long period of time involved in this experi-
ment, some rats were dead before any data could be ob-
tained. As a result, the final number of rats ln each 
group might be less than the original number. Results of 
each group of rats were presented in this chapter accord-
ing to the type of lesion. All raw data were list In 
Appendix VI. 
5.1 Directly Repaired Groups 
Two groups of rats had this type of lesion. One group 
survived four weeks while the other survived for eight 
weeks. 
5.1.1 Gross examination 
At the operated area, there was more connective 
present around the nerve in the untreated rats. 
tissue 
Some-
times this connective tissue might covered up the whole 
operated nerve segment. Hence, the nerve was more tightly 
and extensively bound to the surrounding tissues. 
The distal nerve stumps of the four-weeks-group rats 
showed some degree of wasting. They appeared as sma ller 
and more transpa r e ntthan the proximal stumps. In t h e 
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eight-week-group rats the differ e nt appearance be t ween 
the proximal and the distal stumps w~snot so marked, an d 
they looked quite similar. As far as this kind of wasting 
was concerned, there was no apparent difference 
the treated and the untreated animals. 
Fig. 5.1 A Directly Repaired nerve of a 
four-weeks-survival treated rat. 
Fig. 5.2 A Directed Repaired nerve of a 
four-weeks-survival untreated rat. 
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between 
Fig. 5.3 A Directly Repaired nerve of a 
eight-weeks-survival treated rat. 
Fig. 5.4 A Directly Repaired nerve of a 
eight-weeks-survival untreated rat. 
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5.1.2 Electrophysiological evaluation 
Data of the muscle twitch by electrophysiological stimu -
lation istabulated in the tables below. Student t-test 
was carried out to test if there was any statistical 
significant difference between the treated and the 







treated 5 78.3 45.5 
untreated 5 80.8 4:6.7 
Student's t-test: P)0.05, non-significant difference. 
Group 
treated 
Table 5.1 Muscle twitch of the directly 








untreated 5 249.6 20.2 
Student's t-test: P)O.05; non-significant difference. 
Table 5.2 Muscle twitch of the directly 
repaired group, eight-weeks-survival. 
1.*N.B. N=sample size, SD=standard deviation, this notation will 
b e u s ed for the rest of the text. 
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5.1.3 HRP labelling of anterior horn cells 
The results of the HRP labelling of th e anteri or h orn 
cells are tabulated in table 5.3 for the four-w e ek s -
survival group, and table 5.4 is result of the eigh t-
weeks-survival group. 
Group N Mean SD 
treated 5 581 179 . 1 
untreated 4 487 128.2 ; 
Student's t-test: P>O.05; non-significant difference . 
Table 5.3 Result of HRP labelling of 
anterior horn cells in directly repaired group, 
four-weeks-survival. 
Group N Mean SD 
treated 4 647 82.3 
untreated 5 553 123.6 
Student's t-test: P>O.05; non-significant difference 
Table 5.4 Result of HRP labelling of 
anterior horn cells in the directly repaired group, 
eight-weeks-survival. 
5.1.4 Histological results -- Axon counts 
In the cross-sections of the nerve specimens in the four-
weeks-survival rats, regenerating axons were seen among 
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the de g en era tin g a x 0 n s. I nth e e i g h t - '..J e e le s - sur v i va .L r a l s 
the degeneration In the axons had almost complet e d. Th ere 
were more regrowing axons, but their SIzes were still 
very small. 
6.3x12.5 40x12.5 
Fig. 5.5 Distal cross-section of a directly repaired 
common peroneal nerve of a four-weeks-survival 
treated rat. 
6.3x12.5 40x12.5 
Fig. 5.6 Distal cross-section of a directly repaired 
common peroneal nerve of a four-weeks-survival 
untreated rat. 
59 
Group N Mean SD 
treated 5 1811 192.0 
untreated 5 1729 211.9 
Student's t-test: P>O.05; non-significant difference. 
Table 5.5 Number of myelinated axons in ~he 
directly repaired group, four-weeks-survival, 
3mm distal to the suture line. 
6.3x12.5 40x12.5 
Fig 5.7 Distal cross-secti on of a Directly Repaired 




Fig 5.8 Distal cross-section of a Directly Repaired 
common peroneal nerve of a eight-weeks-survival 
untreated rat. 
Group N Mean SD 
treated 4 2510 1591.1 
untreated 5 2446 1 79 .1 
Student's t-test: P>O.05; non-significant difference. 
Table 5.6 Number of myelinated axons 
in the Directly Repaired group, 
eight-weeks-survival, 3mm distal to the suture line. 
61 
5.2 Crushed Group 
There were two groups of rats that had this type of ner ve 
damage. They were divided into four-weeks-survival and 
eight-weeks-survival groups. Within each group, half of 
the rats were treated, while the other half were the 
untreated. 
5.2.1 Gross examination 
All the crushed nerves remained in continuity. In the 
four-weeks-survival group, some atrophy of the nerve was 
seen in all the rats, both treated and untreated rats. 
This kind of atrophy was not so marked In the 
eight-weeks-survival group. 
It was observed that most of the treated rats had less 
connective tissue adhesion around the crushed nerve 
segment. In the untreated rats, the crushed nerve seg-
ments might be totally covered by connective tissue. 
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Fig. 5.9 A crushed nerve of a four-weeks-survival 
treated rat. 
Fig. 5.10 A crushed nerve o f a four_weeks-survival 
untreated rats. 
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Fig. 5.11 A crushed nerve of a eight-weeks-survival 
treated rat. 
Fig. 5.12 A crushed nerve of a eight-weeks-survival 
untreated rat. 
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5.2.2 Muscle twitch 
The result of the muscle twitch of the two survival 











Student's t-test: P>O.05; non-significant difference. 
Table 5.7 Result of the muscle twitching force of 











Student's t-test: P)0.05; non-significant difference 
Table 5.8 Result of the muscle twitch 
of the crushed eight-weeks-survival group. 
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5.2.3 HRP labelling of anterior horn cells 
Results of the HRP labelling of the anterior horn cel ls 
ln the crushed rats were tabulated below. (Table 5.9. 
Table 5.10) 
Group N Nean SD 
treated 5 597 115.5 
untreated 433 206.9 
Student's t-test: P>0.05; non-significant difference 
Table 5.9 HRP labellin~ of the anterior horn cells 
in the crushed four-weeks-survival rats. 
Group N i"lean SD 
treated 615 98.9 
untreated 5 630 31 .1 
Student's t-test: P>0.05; non-significant difference 
Table 5.10 Result of the HRP labelling of the anterior 
horn cells in the crushed eight-weeks-survival group. 
5.2.4 Histological result -- Axon Counts 
Two sections were taken from each nerve specimen. One was 
from a level corresponding to the middle of the crushed 
se .~ment , which was 2mm proximal from the demarcation 
suture. The other section was at a level of 3 mm distal 
to the demarcation suture. 
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In the middle sections, it was clear that the epineurium 
of each nerve was split open. The regenerating axons wer e 
growing among the surrounding fibrous tissue. There were 
large variation in the axons diameters. Most of the axons 
were of very small diameters, but occasionally there were 
some axons of nearly normal size. 
In the distal sections, degenerating and regenerating 
axons were both seen in the four-weeks-survival samples. 
In the eight-weeks-survival group, very little degenerat-
; 
ing axons could be found. There were regenerating axons 
s e en gro~,ing among the fibrous tissue that was outside of 
the . . e plneurlum. This was a common feature observed 
these crushed groups. 
6.3x12.5 40x12.5 
Fig. 5.13 Middle cross-section of crushed 
common peroneal nerve, 
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6.3x12.5 40x12.5 
Fig. 5.14 Middle section of a crushed common 











Student's t-test: P>0.05; non-significant difference 
Table 5.11 Number of myelinated axons in the middle 
cross-sections of the crushed four-weeks-survival group. 
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6.3x12.5 40x12.5 
Fig. 5.15 Distal section of a crushed common peroneal 
nerve, four-weeks-survival treated rat . 
. . • 
• 
6.3x12.5 40x12.5 
Fig. 5.16 Distal section of a crushed common peroneal 
nerve, four-weeks-survival untreated rat. 
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Group N tvlean 3D 
treated 5 1899 227.9 
untreated 5 1635 431.2 
Student's t-test: P>O.05; non-significant difference 
Table 5.12 Number of myelinated axons in the distal 
cross-sections of the crushed four-weeks-survival group. 
6.3x12.5 40x12.5 
Fig. 5.17 Middle section of a crushed common peroneal 




Fig. 5.18 Middle section of a crushed common peroneal 
nerve, eight-weeks-survival untreated rat. 
Group N Mean SD 
treated 5 2569 305.1 
untreated 5 3017 599.4 
Student's t-test: P>O.05; non-significant difference 
Table 5.13 Number of myelinated axons in the 
middle cross-sections of the 
crushed eight-weeks-survival group. 
71 
6.3x12.5 40x12.5 
Fig. 5.19 Distal section of a crushed common peroneal 
nerve, eight-weeks-survival treated rat. 
6.3x12.5 40x12.5 
Fig. 5.20 Distal section of a crushed common peroneal 
nerve, eight-weeks-survival untreated rat. 
72 
Group N Mean SD 
treated 5 2402 411.8 
untreated 5 2424 180.0 
Student't-test: P)0.05; non-significant difference 
Table 5.14 Number of myelinated axons in the distal 
cross-sections of the crushed the 
eight-weeks-survival group. 
5.3 Artery Bridge Group 
This group's result showed the greatest variation and are 
listed in the following sections. 
5.3.1 Gross examination 
All the artery bridges remained intact with the nerve. 
There was observed a decrease in the length of the 
bridge. All of them were of 8 mm in length, instead of 
the initial 10 mm. 
There was also observed difference in the extent of 
connective tissue adhesion between the treated and un-
treated rats. In the untreated "rats, the adhesion around 
the bridge was very extensive, occasionally there was 
difficulty in differentiating the connective tissue from 
the artery bridge. It took some effort in separating the 
bridge from the adjacent tibial nerve. In the treRted 
rats, there was connective tissue adhesion around th e 
bridge, but it was not a s e xtensive as in the untreated . 
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For the distal nerve stumps ln both the untreated and 
treated groups, there were marked atrophy. The nerve 
might appear nearly transparent and much reduced in size. 
Fig. 5.21 An artery bridged common peroneal nerve, 
of a treated eight-weeks-survival rat 
Fig. 5.22 An artery bridged common peroneal nerve of 
a untreated eight-weeks-survival rat. 
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Fig. 5.23 An artery bridged common peroneal nerve of 
a treated twelve-week-survival rat. 
Fig. 5.24 An artery bridged common peroneal nerve of 
a untreated twelve-week-survival rat. 
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5.3.2 Muscle twitch 











Student's t-test: P>O.05; non-significant difference 
; 
Table 5.15 Result of the muscle twitch 











Student's t-test: P>O.05; non-significant difference 
Table 5.16 Result of the muscle twitching force 
in the Artery Bridge twelve-week-survival group. 
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5.3.3 HRP labelling of the anterior horn cells 
The result of the number of labelled anterior horn cells 
in these two artery bridged groups are given below. 
Group N Mean SD 
treated 48 90.7 
untreated 4 222 190.9 
Student's t-test: P>0.05; non-significant difference 
Table 5.17 Number of HRP labelled anterior horn cells 
in the Artery Bridged eight-weeks-survival group. 
Group N Mean SD 
treated 4 56 76.9 
untreated 4 68 53.0 
Student's t-test: P>0.05; non-significant difference 
Table 5.18 Number of HRP labelled anterior horn cells 
ln the Artery Bridge twelve-week-survival group. 
5.3.4 Histological examination 
In the middle cross-sections, there were four speClmens 
showed no regenerating axon. There was one in the treated 
and one in the untreated group of the eight-weeks-surviv-
aI, and two in the treated twelve-weeks-surival group. 
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In the sections that contained regenerating axons, t h ere 
were also a number of blood vessels growing inside th e 
bridge. 
There were a number of sections that showed regeneratin g 
axons growing outside of the artery bridge. This featur e 
can be seen in the following pictures. 
In the distal sections, degeneration ofaxons were sho\-,: n 
to be largely completed in both survival group s . Th e 
regenerating axons were growing among the deg e n e r ated 
fibres. 
6.3x12.5 40x12.5 
Fig. 5.25 Middle cross-section of an Artery Bridge 
common peroneal nerve of a 
eight-weeks-survival treated rat. 
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6.3x12.5 40x12.5 
Fig. 5.26 Middle cross-section of an Artery Bridge common 
peroneal nerve of a eight-weeks-survival untreated rat. 
Group N f'>'lean SD 
treated 4 564 464.0 
untreated 1078 733.9 
Student's t-test: P>O.05; non-significant difference 
Table 5.19 Number of myelinated axons in the middle 




Fig. 5.27 Distal cross-section of an Artery Bridge 
common peroneal nerve of a 
eight-weeks-survival treated rat. 
6.3x12.5 40x12.5 
Fig. 5.28 Distal cross-section of an Artery Bridge 
common peroneal nerve of a 
eight-weeks-survival untreated rat. 
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Group N Mean SD 
treated 4 525 535.6 
untreated 4: 1011 730.0 
Student's t-test: P>0.05; non-significant difference 
Table 5.20 Number of myelinated axons in the 
distal cross-sections of the Artery Bridge 
eight-weeks-survival rats. 
6.3x12.5 40x12.5 
Fig. 5.29 Middle cross-section of an Artery Bridge 
common peroneal nerve of a 
twelve-week-survival treated rat. 
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6.3x12.5 40x12.5 40x12.5 
Fig. 5.30 Middle cross-section of an Artery Bridge 
common peroneal nerve of a 
twelve-week-survival untreated rat. 
(The most right picture shows the regrowing 
axons that lies outside of the bridge) 
Group N Mean SD 
treated 4 290 547.0 
untrea"ted 5 533 571.4 
Student's t-test: P)0.05; non-significant difference 
Table 5.21 Number of myelinated axons in the 




Fig. 5.31 Distal cross-section of an 
Artery Bridge common peroneal nerve of a 
twelve-week-survival treated rat. 
6.3x12.5 40x12.5 
Fig. 5.32 Distal cross-section of an 
Artery Bridge common peroneal nerve of a 
twelve-week-survival untreated rat. 
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Group N Nean SD 
treated 4 497 603.1 
untreated 4 873 523.6 
Student's t-test: P>0.05; non-significant difference 
Table 5.22 Number of myelinated axons In the 
distal cross-sections of the 
Artery Bridge twelve-weeks-survival rats. 
5.4 Sham operations 
The sham operated rats wer e co mp a r ed \ ~ ith th e n o rmal 
rats, and the results are listed in th e sec-
tions. 
5.4.1 Gross Examination 
There was little lncrease In the growth of connective 
tissue around the sham operated nerve segments. The 
difference between the treated and untreated groups was 
not as obvious as in the other groups. The operated nerve 
segments could mobilized from the neighbouring tissue 
easily. 
The operated nerve segments had normal appearance. There 
was no noticeable difference between the proximal and 
distal parts of the nerve. 
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Fi~. 5.33 Appearance of a normal common peroneal 
nerve at the thigh. 
Fig. 5.34 Appearance of a Sham Operated four-
week-survival treated common peroneal nerve. 
85 
Fi~. 5.35 Appearance of a Sham Operated four-
week-survival untreated common peroneal nerve. 
5.4.2 Muscle twitch 








rats are given 
SD 
Normal 3 640.0 24.1 
treated 3 661.6 21 .9 
untreated 3 638.5 27.2 
Student's t-test: 
treated Vs Normal: 
P>O.05, non-significant difference 
untreated Vs Normal: 
P>O.05: non-significant difference 
Table 5.23 Muscle twitching force of the 
Sham Operated and normal rats. 
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5.4.3 HRP labelling of the anterior horn cells 
The number of the HRP labelled anterior horn cells In th e 
Sham Operated and the normal rats are tabulated below. 
Group N rvlean SD 
Normal 3 801 130. 2 
treated 3 692 128.7 
untreated 3 795 35.9 
Student's t-test: 
treated Vs Normal: 
P>0.05; non-significant difference 
untreated Vs Normal: 
P>0.05~ non-significant difference 
Table 5.24 Number of HRP labelled anterior horn cells 
In the Sham Operated and Normal rats. 
5.4.4 Histological examination -- Axon Counts 
There was no obvious difference among the cross-sections 
of the treated, untreated and normal groups of rats. 
The diameters of the axons were generally large. They 
were densely arranged in the sections. 
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6.3x12.5 40x12.5 
Fig. 5.36 Distal cross-section of normal 
common peroneal nerve. 
6.3x12.5 40x12.5 
Fig. 5.37 Distal cross-section of a Sham Operated common 
peroneal nerve of a treated four-weeks-survival rat. 
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6.3x12.5 40x12.5 
Fig. 5.38 Distal cross-section of a Sham Operated common 






treated Vs Normal: 
Mean SD 
2065 141.7 
2036 55. 1 
1974 190.9 
P)0.05; non-significant difference 
untreated Vs Normal: 
P)0.05; non-significant difference 
Table 5.25 Number of myelinated axons in the 
Sham Operated and the normal rats. 
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5.5 Electron Microscopic Examination 
In the Crushed groups, there were a lot active fibro-
blasts scattered around the regenerating axons. Collage-
nous fibres were seen all-over the sections. Myelinated 
and unmyelinated axons were found among these collagenous 
fibres and fibroblasts. 
1. myelinated axons 
2. unmyelirlated axons 
3. collagenous fibres 
4. nucleus of a fibro-
blast 
Fig. 5.39 Electron micrograph of a crushed, 
four-weeks-survival, treated rats. 
1. myelinated axons 
2. unmyelinated axons 
3. nucleus of a fibro-
blast 
4. collagenous fibres 
E.M. x1900 
Fig 5.40 Electron micrograph of a crushed, 
four-weeks-survival, treated rats. 
E.M. x4800 
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1. myelinated axon 
2. unmyelinated axons 
3. collagenous fibres 
4. fibroblast 
5. a red blood cell 
inside a blood vessel 
Fig 5.41 Electron micrograph of a crushed, 
four-weeks-survival, untreated rats. 
1. myelinated axons 
2. nucleus of a fibro-
blast 
3. collagenous fibres 
E.M. x1900 
Fig 5.42 Electron micrograph of a Crushed, 
four-weeks-survival, untreated rats. 
E.M. x5800 
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In the artery bridged specimens, the myelinated and 
unmyelinated axons were growing among fibroblasts, mast 
cells and collagenous fibres. 
1. myelinated axon 
2. unmyelinated axons 
3. nucleus of a fibro-
blast 
4. collagenous fibres 
Fig 5.43 Electron micrograph of artery bridged, 
eight-weeks-survival, treated rats. 
E.M~ x1900 
1. myelinated axon 
2. unmyelinated axons 
3. nucleus of an active 
fibroblast 
4. cytoplasm of a fibro-
blast, there was 
presence of granular 
endoplasmic reticulum . 
5. mast cell 
6. collagenous fibres 
Fig 5.44 Electron micrograph of artery bridged, 
eight-weeks-survival, treated rats. 
E.M. x5800 
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1. myelinated axon 
2. unmyelinated axons 
3. nucleus of a Schwann 
cell 
4. nucleus of a mast cell 
5. cytoplasm of a mast 
cell 
Fig 5.45 Electron micrograph of artery bridged, 
eight-weeks-survival, untreated rats. 
1. myelinated axon 
2. unmyelinated axons 
3. cytoplasm of a mast 
cell 
E.M. x1900 
Fig 5.46 Electron micrograph of artery bridged, 
eight-weeks-survival, untreated rats. 
E.M. x4800 
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5.6 Summary of All The Data 
All the data collected ln the experiment ar e summari ze d 
and tabulated below. 
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Although slightly superior results were demonstrated In 
the Directly Repaired and the Crushed groups when the 
pulsed electromagnetic field was used, the differences 
were not statistically significant. The observations were 
present using all methods of assessment VlZ, horseradish 
peroxidase ; labelling of the anterior horn cells, muscle 
t~"i teh and myel inated axon counting. In the Artery Bridge 
group, h Oh-eve r, the treated rats did not sho~,.,; an:v superi-
ority at all. In the electron . . mIcroscopIC examination, 
the treated and the untreated specimens also appeared to 
be very similar. This finding was contradictory to some 
published reports [27,28,30,311. In these reports, 
applications of pulsed electromagnetic field showed 
enhancement effects on the regeneration of peripheral 
nerves. 
In these reports, the pulsed electromagnetic field gener-
ator tDiapuls' machine had almost similar feature as the 
tCurapuls 419' that was used in my study. A comparIson 
between the specifications of these two machines are 
tabulated below. 
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Diapulse Curapuls -l19 
Carrier Have 
frequency 27 .12 ~IHz 27.12 tvlHz 
Pulse 
duration 65 usec 400 usec 
Peak pOhTer 
output 975 W 1000 W 
Pulse 
repetition 80-600 pps 16-200 pps 
Table 6.i Comparison of specifications bet~een 
the fDiapulse' and fCurapuls 419'. 
Since Raji used the fDiapulse' machine 1n his exp e riment 
on nerve repa1r [28, 511, comparison was also made be-
tween his experimental setup and m1ne. This 1S given 1n 
















(50% of maXlmum 
output) 
15 min/day 
Table 6.2 Comparison of Raji's experimental setup 
and the present setup. 
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It 1S clear that the carrier wave frequency and th e 
treatment duration were the same in the two experiments, 
but the pulse duration, pulse repetition, and power 
output were quite different. 
It has been shown that body tissues might interact with 
an external electromagnetic field on specific parameters. 
These parameters could be a specific range of - frequen-
C1es, a particular modulation of carrier wave frequenc ,v 
or a certain amplitude of field stren~th, or frequently a 
combination of these. f43, 52] 
Unfortunately the scientific knowledge on the effective 
parameters is still very fragmented. No definite infor-
mation is available on what kind of electromagnetic field 
1S particularly suitable for the enhancement of peripher-
al nerve regeneration. 
Therefore, the negative results of the present study may 
be genuine, or might be accountable by not having the 
right electromagnetic field parameters. The modulation 
of pulse rate per second might be too low (200 pps com-
pared with 400 pps). The power output might be too much 
(40 W compared ,~ith 15.2 W). The pulse duration might too 
long (400 usec compared with 65 usec) . Possibly the 
energy content of each pulse, and the pulse shape of the 
modulated wave are important parameters as well. 
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Despite the lack of any enhancing effects on nerve regen-
eration, the field parameters of this experiment may have 
some other constructive aspects. Together with other 
using electromagnetic fields to affect the pe-reports 
ripheral nerve regeneration, the finding in this study 
may contribute towards the final establishment of the 
effective field parameters that may help nerve regrowth. 
Therefore, 
cated. 




study has other findings. One of them ~as 
of the treated rats, the fibrous adhesions 
operated nerve segments were less than that 
that 
ar o und 
In th e 
untreated group. Unfortunately, as this experiment was 
not originally designed to assess the quality of fibrous 
tissues, no objective data concerning fibrous adhesions 
were obtained. I notice with interest that, similar 
findings were also reported by Raji [28]. This reduction 
ln fibrous adhesions may be indirectly important for 
nerve regeneration. 
If the application of pulsed electromagnetic field re-
duces fibrous adhesions, then the recoveries of a lot of 
soft tissue damages may be improved with this treatment. 
This may be particularly desirable ln conditions where 
fibrous adhesions are of special problems, such as hand 
injuries. Barclay et al [201 treated various hand In-
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juries with pulsed electromagnetic field and 
reported that there was better recovery in terms of paln, 
swelling and function. Unfortunately, different varieties 
of hand injuries were included in the series, and no 
specific comments were made on the fibrous adhesions. 
In the Artery Bridge group, although no statistically 
significant difference was found between the treated and 
untreated groups, the regenerations in the treated groups 
appeared not as good as the untreated group. The purposes 
of using a biolo~ical tubular bridge across cut nerve 
ends included both structural confinement to the regener-
ating fibrils and a possible enclosure of trophic factor 
that might be produced by the distal nerve segment. As a 
result, regenerating neurofibrils could find their hay to 
the distal stump with ease [53,54]. 
The poor results In the treated ~roups might lead to some 
SUsplClon against the pulsed electromagnetic field. Has 
it inhibited the action of the nerve trophic 
There is yet no ground for such suspicion as the 
factors? 
results 
did not reach statistical significance. After all the 
experiment was not designed to test this hypothesis. 
The overall poor regeneration ln the Artery Bridge groups 
might be partly related to imperfect operative 




the nerve stumps might not be sufficiently eff ec ti ve to 
confine all growing fibrils and nerve trophic factors 
inside the artery bridge. This was evidenced by th e 
demonstration of regenerating axons outside of the 
bridge. 
A cuffing technique might be more appropriate. This is to 
create some overlapping between the nerve stumps and the 
bridge. All regenerating axons will then be confin e d 
inside the bridge. 
One other interestinF?: observation h'as that the inter-
sutures distance between the ends of the brid~e Has 
always reduced from the original 10 mm to 8 mm at th e 
time of assessment. Longitudinal sections in the Appendix 
I also showed a lot of folding in the artery bridge. 
These foldin ,gs confirmed the shrinkage 1n the artery 
bridges. 
When normal rats and the sham operations were compared, 
the differences in the measurements were very minimal. 
This showed that the trauma resulted from the operating 
procedures was not affecting nerve function. If there had 
been any damage, it must have fully recovered 1n four 
weeks' time. The same observations also showed that the 
application of pulsed electromagnetic field would n o t 
affect intact normal nerve tissues. 
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The rounding up comments should be that all th e res ul ts 
must be viewed with reservations. The limited sampl e 
sizes of the experimental groups have prevented me from 
making better observations on the diff e rences between the 
treated and the untreated groups. If the sample 








In this final chapter the objective of the study will b e 
restated. 
results. 
It will be concluded with the experimental 
Basing on the experimental findings and analy-
SlS, suggestions will be made for future researches. 
7.1 Restatement of the experiment objective and hypothe-
sis 
The study was initiated with an objective of investigat-
ing the effect of a commonly used pulsed electromagnetic 
field on peripheral nerve regeneration. After reviewing 
the published articles on this area, a hypothesis was set 
up. It was: The application of pulsed electromagnetic 
field of carrier wave frequency with 27.12 MHz could 
enhance the peripheral nerve regeneration. 
After setting up this hypothesis, the effect of this 
pulsed electromagnetic field was studied on experimental 
models of crushed nerve, cut and repaired nerve, 
and artery- bridged .nerve. 
7.2 Conclusion 
and cut 
The effect of using a pulsed electromagnetic field with 
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carrier wave frequency at 27.12 MHz , modulated to 200 
pulses per second, at an average output power of 40 W and 
15 minutes treatment from Monday to Friday every wee k wa s 
found to be not effective in enhancing peripheral nerve 
regeneration. 
However, this conclusion has an obvious defect as the 
sample sizes of the different experimental groups were 
small. These small sample sizes did not allow a sensiti v e 
reflection on any mlnor differences between the 
and untreated groups. 
7.3 Suggestions for further research 
treated 
As it was pointed out ln the previous paragraphs, the 
limited sample size reduced the strength of the conclu-
sion. Hence, it is worthwhile to retest the hypothesis 
with an increased sample size. 
Since it was proposed that body tissue may interact with 
electromagnetic field most effectively at certain field 
parameters, the nerve regeneration might be enhanced by 
these particular field parameters. This may be the back-
ground behind other more encouraging results obtained 
from other similar experiments, performed under different 
fields. Therefore, it is advisable to search for t h e mo s t 
favourable combination of field parameters in th e f u ture . 
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The present study showed that the adhesions ar o u n d th e 
operated nerve segment in the treated rats were l ess t h an 
the untreated ones. Future studies may be desi g n e d t o 
have an indepth study on adhesions which could well 
secondary effects on nerve regeneration. 
7.4 Clinical Implication 
ha ve 
Basing on the very negative experimental result, one ma y 
develop a similarly negative view on the clinical use of 
the pulsed electromagnetic field stimulation. Ho we v er, 
one may still keep an open mind. There might be no room 
for any positive assumption on the facilitatory effects 
by the pulsed electromagnetic field stimulation. Whenever 
this non-invasive means of treatment 1S administered, 




DETERMINATION OF THE DURATION OF SURVIVAL OF THE EXPER I-
MENTAL RATS 
Aim of experiment: 
To determine the survival period of the e x perimental 
rats. 
Method and material: 
Male rats of approximately 500 gm were used as the exper-
imental animals. All of the rats were divided into thre e 
groups. Each groups would had different lesion done t o 
the left common peroneal nerve. 
Method of anaesthesia: 
All the rats were anaesthetized by intraperitoneal injec-
tion of 0.6 ml of 5% pentabarbital saline solution. 
Method of nerve exposure: 
The experimental rat was put in right side lying. The 
hair over the left thigh was shaved. An incision along 
the left femur was made. Th e left common peroneal nerve 
was exposed through a muscle split of the gleatus maxi-
must 
Method of Direct Repair: 
About 2.5 c m of the exposed common peroneal ne rve ';as 
106 
mobilized in the thigh. The nerve was sharply transec ted 
a level that was 2 cm proximal to the left fibular head . 
Then the two cut ends were reapposed and sutured back b y 
four epineurial sutur~s using 11/0 nylon. The operated 
site was irrigated with normal saline. The skin was clos e 
by interrupted sutures of 5/0 nylon. 
Method of crushing: 
The second model was to crush a nerve segment. A shallow 
epineurial suture with 11/0 nylon was anchored to the 
epineurium at a level that was 1.5 cm from the fibular 
head. This was to demarcate the distal mar~in of the 
crush [311. 
Then the segment was raised onto a small copper anvil of 
4mm width. The level that had the suture was positioned 
at the distal edge of the copper base. Two small sheets 
of Parafilm (a brand of parafin paper) of about 5x5 mm 
were put on top of and underneath the raised segment of 
nerve. This was to protect the nerve being cut apart by 
the edge of the copper base. 
Then a vertical aluminium pipe with square cross-section 
was positioned 5 cm right above the raised segment of 
nerve. The state of being vertical was checked against a 
plumb-line. The pipe was held rigidly by three clamps t o 
a stand. 
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Th e n a rectangular copper block of 66 gm was dropped from 
a height of 85 cm above the raised nerve segment, Vla the 
aluminium pipe. A diagrammatic representation of the 
whole setup was shown in Fig 4.4. 
By this way of crushing, the nerve remained in continui-
ty, but the epineurium was split open. 
Method of Artery Bridging: 
The third model of study was to bridge a nerve gctp b y a 
segment of blood vessel. 
The common carotiod artery was selected as the donor 
vessel. It was selected because it provided a very long 
segment without any branch. The internal diameter of this 
vessel ",,-as comparable with the diameter of the common 
peroneal nerve at the thigh. An artery was used instead 
of a veln as it was easier to handle the thicker wall in 
an artery than . . ln a veln. This simplified the technique 
involved. In order not to cre ate too much trauma to the 
experimental animal, the artery segment was obtained from 
another rat. 
A rat was anaesthetized in the usual way. It Has posi-
tion e d in supine lying. The hai r around the neck ,~as 
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shaved. A longitudinal mid-line incision was mad e along 
the neck. The neck muscles were split apart and cut away. 
The clavicle and the first rib were also de t ached 
the sternum. 
fr om 
By this procedure a long segment of common carotiod 
artery was exposed. Cranially, it was up to the bifica-
tion of that give rise to the internal and e x ternal 
carotiod artery. Caudally, it was down to the first rib. 
Then the artery was ligated at the first rib level and at 
the bification level. (Fig. 4.7) 
The artery segment that between the two ligations was cut 
and harvested. The harvested segment was irrigated with 
normal saline and the attached adventitious tissue was 
removed. It was then trimmed to 10 mm ln length. The 
segment was left immersed ln normal saline until the 
later bridging procedure. 
An experimental rat was aneasthetized and the left common 
peroneal nerve was exposed in the usual way. A ner v e 
segment of 1cm long between the levels of 1 cm and 2 cm 
from the fibular head was removed. Then the harvested 
artery segment was sutured to the proximal and the distal 
nerve stumps. It was done by four epineurial sutures with 
11/0 nylon at each junction. The artery segment was 
approximated to the nerve stumps in an end-to-end fa sh-
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lon, l~e. the nerve stump end was sutured to th e art e l') 
segment end with least overlapping. 
Closure of the operated site: 
After the surgery, the operated sit~ was irrigated with 
normal saline. The skin was closed by interrupted sutures 
of 5/0 nylon. 
Period of study: 
There were eight rats ln each group. Two rats were sacrl-
ficed at the end of second, forth, sixth and eight week 
post-operation in each group. 
Method of evaluation: 
The status of regeneration was assessed b y measuring the 
muscle twitching force of the left ankle dorsiflexors. 
The common peroneal was the only motor nerve that 
vate the ankle dorsiflexors. If it was treated by an 
electrical stimulus, it would cause a nkJ2 dorsiflexion. 
The force of the ankle dorsiflexi011 could reflect the 
condition of muscle reinnervation. 
The rat was aneasthctized as described in section 4.1. It 
was put in ri~ht side-lying with the left ankle tied down 
0~ a specially made rack. This would keep the angle 
o 
between the lower leg and the foot at about 100 
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The left common peroneal nerve was exposed aga i n as 
previously described. About 1 cm ne~ve segment pro x imal 
to the lesion was carefully mobilized. The mobilized 
nerve segment was raised with minimal tension, and was 
hooked on a platinum electrode. This electrode was con-
nected to an electrical stimulus generator. (Fig 4.12) 
Then a thread was tied to the distal phalanx of .the rat's 
middle toe. The other end of this thread was connected to 
a force transducer. (Fig. 4.13)'; 
This force transducer could pick up the tension ln the 
thread and send signal to an amplifier. The amplified 
signal was displayed on a pen recorder. (Fig. 4.14) 
Before each recording seSSlon, the recording setup was 
calibrated by hooking a known weight to the force trans-
ducer. Then the record tracer would trace out a deflec-
tion on the recording paper. This deflection corresponded 
to the force that was exerted by the weight on the trans-
ducer. This process was repeated a few time with differ-
ent weights. 
Before each measurement, there was a pre-loading of 1 gm 
in the thread by adjusting the length of it. This was to 
ensure the resting tension in the muscle and the thread 
was standardized for every measurement. 
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During the measurement, an electri c al signal of 1 mill i -
second duration at a supermaximal intensity of 10 V wa s 
sent out from the generator to the electrode, at a rat e 
of 1 pulse per second. Each ankle dorsiflexion was 
recorded as a single stroke on the recording paper. The 
height of the stroke represented the force of the muscle 
contraction. 
After a number of contractions, the average height of the 
strokes was obtained by drawing a horizontal line across 
the peaks of the strokes. This average height was COIn-
pared with the calibration scale. Hence, the value of the 
contraction force could be calculated. 
Results 
The muscle twitch of the left ankle dorsiflexors individ-






















































In order to study the process of nerve regeneration, it 
1S desirable to study it both at the very early stag e a nd 
at its advanced stage. For the crushed and repaired 
groups, there was muscle twitch at the forth week post-
operation. At the eighth week post-operation the twitch-
ing force was comparatively stronger. 
In the Artery Bridge group, there was no twitching ever 
obtained. Therefore, the survival ; period was decided by 
referring to the other similar study. Chiu et al [44 1 
published a report on using v ein g raft a s the bridge. The 
survival period in their experiment ranged fr om one to 
fifteen mon ths. i'lusc 1 et,,,, itch c ould be observ ed 1 n the 
third month. 
After considered the above points, the survival periods 
for the experimental rats in different groups were decid-





two and four weeks 
two and four weeks 
eight and twelve 
weeks 




PERFYSION OF RATS 
The alm of perfusing rats was t o g iv e a preliminar y 
fixation of the whole animal. This c ould provide bette r 
preservation of the tissue for further histological or 
histochemical precedure. 
Th e princ iple of perfusion in thi s ex p e riment was t o 
flush o u t a ll the blood in th e r a t b y normal s aline ln 
t h e f ir s t s t e p . The n f ix a t i v e l '; asp ass e cl i n t ot h eel r e u --
lat o r y- s ~- st e m o f t he r at to rep l a c e the normal saline . 
Thus, t h e fi x ative could reach a ll the organs and tissue s 
v ia the blood ve ssels, and achi e ve th e aim of fixing th e 
1.J h 0 1 era t . 
r- Iaking of the fixative: 













1. Stoc lt mo nobasi c was made by dissolving 27.6 gm of sodium pho s -
p h a t e monobasi c (NaH PO .H 0) in one litre o f distilled water. 
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Stoc k di basic \.Jas made by dissolving; 71.64 g m o f sodium ph o sph a t e 
d i bas i c ( Na HPO .12H 0) in on e litr e of di st ill e d wat er . 
24 2 
1 1 :1 
10 gm of paraformaldehyde was dissolv o n~ In a b o u t 4 00 ml 
o 
of distilled water. The solution was heated to ab o ut 6 0 -
o 
70 C. T his he ate d sol uti 0 n was tit rat e d wit h 1 r-l So cl i U In 
hydroxide solution until it was just clear. When Lh e 
solution cooled down, the glutaldehyde, monobasic and 
dibasic were added. Finally, distilled water was added to 
make the solution up to 1000 ml. 
Perfusion Procedure: 
1 . } The rat was anaesthetized by intraperitone al ~nJec-
tion of 0.6 ml pentabarbital normal saline solution. 
2. } On e b o ttle of normal s a line (approximatel y 250 ml) 
and one bottle of fixative (approximately 150 ml) Here 
hanged about one metre above the rat. The two solutions 
were joined together at a three-way connector. As con-
trolled by the three-way connector, only one solution 
would be delivered at one time through a syringe. No aIr 
bubble ~.Jas allowed within the pipes that convey the 
solutions. 
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I ALINE I ) 
Fi~ A2.1 Setup of the perfusion system 
3.) The abdomen of the rat was opened transversely at the 
diaphragm level. Then the rib cage was opened vertically 
near the mid-line from the transverse incision. The 
heart was exposed in this manner. 
4 . ) The perfusion system was turned to deliver normal 
saline. The syringe was then inserted into left ventricle 
of the heart. The right atrium was cut open to let the 
blood come out. 
5.) When all the blood was flushed out the colour of the 
fluid came out from the right atrium would change to 
colourless (colour of normal saline). Then the three-ways 
connector was turned to deliver fixative. 
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6.) The liver of the rat indicated the completion of th e 
perfusion. When it was completed, the liver hardened. 
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APPENDIX III 
HORSERADISH PEROXIDASE AND TETRAMETHYLBEZINDINE REAC-
TION 
t-Jaterials: 







A c etat~ buffer PH 3.3: 
sodium acetate 
concentrated hydrochloric 
ac id (12 ~1) 
Add distill e d water to 
HRP fixative (see Appendix 11) 













2 7 .2 gm 







Mi x up the solution A and soluti o n B 
immediately before use. 
0.3% Hydrogen peroxide 
HRP rinsing solution: 
acetate buffer 
d i s till e d ~ .. ~ ate r 




I.} The harvested tissue was immersed ln the HRP fix a ti ve 
f o r 24 hours. 
2.) Aft e r 24 hours fi x ation, the HHP fi xa ti ve was re-
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placed by surcrose buffer for another 24 hours. 
Reaction procedure: 
1.) Frozen sections were cut and left - dry In room temper -
ature. 
2 • ) All the sections were placed ln the incubation solu-
tion for 20 minutes. 
3 . ) 1 ml 
solution. 
complete. 
of 0.3% hydrogen peroxide was 





4.) Stop the reaction by changing the solution l ~ ith HRP 






(0.1 M in Cacodylate PH 7.4) 
Rinse 1 (Cacodylate PH 7.4) 
R ins e 2 (C a cod:v 1 a t e 'p H 7. 4 ) 
Osmium Tetroxide 




Rinse (Cacodylate PH 7.4) 







Absolute alcohol: Eposin (1:1) 
Eposin 
















































DETERMINATION OF THE POSITION OF THE HISTOLOGY SPECIMENS 
In 0 r de r to h a v e an -0 b .i e c t i ve de c i s ion 0 nth e po si t i on 0 f 
harvestin~ the nerve s pecimens f o r histology study, th e 
following pilot experiment ~as carried o ut. 
A5.1 Aim 
To l o ok for pos iti o ns 1n the nerve s pe C1men s o f Var 1Cj US 
l es i o n s th a t h ere s u i t a bl e f o r his t ol o gy st udy. 
A5.2 Material and Method 
Si x pa1rs of 500 frm a dult male rats ~,;ere operated, the 
of lesions 1n the actual experiment wer e 
created In them. (For detail s of anaesthesia and opera-
tion procedure please refer to materials and method 
section in Appendix I.} 












.:}. we e ks 
2 2 
-----------------------------------------------------
Table AS.1 Grouping o f t he rats in the pilot stud y of 
d e termining posit ion for histolog y study . 
12 1. 
One rat In each paIr Has given pulsed electromagneti c 
field stimulation as described in the mat~rial and metho d 
section in Appendix I. The other rat in the same pair was 
used as the untreated animal. 
After the survival period of the rats, they were perfused 
with fixative and the left common peroneal nerv~s 1n th e 
thigh w~s dissected out. The nerve speCImens were further 
fixed, dehydrated and embedded in parafin block. 
normal spe Clmen of l e ft c o mmon peroneal 
harvested from a normal rat for comparison. It was fixed. 
dehydrated and embedded in the same ~ay as the other 
speCImens. 
10 mIcrons thick longitudinal sections were cut and 
stained by routine Haematoxylin-Eosin staining method. 
The steps in the staining pr ocedure was listed belo~. 
Xylen 
Xylen 
Absolute ethyl alcohol 
95% eth ~-l alcohol 
85% ethyl alcohol 
70% ethyl alcohol 
Rinse in runnin~ water 
Heamatoxylin 
Rinse in running water 
Scott's tap water 
Rinse In running water 
Eosin 
Rinse in running water 
70% ethyl alcohol 

















95% ethyl alcohol 
Absolute ethyl alcohol 
Absolute ethyl alcohol 
Xylen 
Xylen 





Table A5.2 Steps in routine Haematoxylin-
Eosin stainin.ft. 
Result 
The sections were viewed and photographed. The pictures 
were ~iven below. The left margin l~as the proximal direc-
tion while the right margin lS the distal direction. 
Fi~. A5.1 Normal left common peroneal nerve of rat 




Fig. 5.2 Longi tudinal section of the 'left common 
peroneal nerve of an Artery Bridge, 
e ight-weeks-survival treated rat. 
L Suture line 
Fig. A5.3 Longitudinal section of the left common 
peroneal nerve of an Artery Bridge, 
eight-weeks-survival untreated rat. 
2.5x12.5 





Fig. A5.4 Longitudinal section of the left c ommon 
peroneal nerve of an Artery Bridge, 




Fig. A5.5 Longitudinal section of the left common 
peroneal nerve of an Artery Bridge, 
twelve-weeks-survival, untreated rat. 
2.5x12.5 







Fig. A5.6 Longitudinal section of the left common 




Suture line ~ 
Fig. A5.7 Longitudinal section of the left common 
peroneal nerve of a crushed, four-weeks-survival 
untreated rat. 
2.5x12.5 





Fig. A5.8 Longitudinal section of the left common 





Fig. A5.9 Longitudinal section of the left common 
peroneal nerve of a crushed, eight-weeks-survival, 
untreated rat. 
2.5x12.5 
1 mm 2 mm 3 mm 
SCALE 
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Fig. A5.10 Longitudinal section of the left common 





Fig. A5.11 Longitudinal section of the left common 
peroneal nerve of a Directly Repaired, 
four-weeks-survival, untreated rat. 
2.5x12.5 





Fig. AS.12 Longitudinal section of the left common 
peroneal nerve of a Directly Repaired, 




Fig. AS.13 Longitudinal section of the left common 
peroneal nerve of a Directly Repaired, 
eight-weeks-survival, untreated rat. 
2.Sx12.S 




It was interesting to know the histolo~ical structure at 
the middle of the artery bridge and the crushed nerve 
segment. Therefore, it was decided that cross-sections 
should be taken at the middle level of the artery bridge 
and the crushed nerve segment. 
Another cross-section should be taken at a distal POSl-
tion ; to assess the regeneration across the lesion. It 
should not be too far away from the lesion, otherwise, 
there mif;tht be too li ttle regroh:- ing a x ons that ~ould b e 
seen. It also should not be too close to the lesion, as 
the regrowing axons might orientated randomly at the 
anastomosis si te. In addi tion, there might be too much 
fibrous tissue among the regrowing axons, and make the 
situation more complicated. 
After looking at the longitudinal sections, 3 mm distal 
to the lesion was a reasonable compromised position. At 
this level, the amount of fibrous tissue h;ras much less 
than that present at the anastomosis site. NeanHhile, the 
axons at this level were arranged quite parallel to the 
long axis of the specimen. 
Conclusion 
It was decided to have cross-sections at th e middle o f 
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the artery bridge and the crushed nerve se gm e n t. 
For the distal cross-sections, they were taken at 3 mm 
level distal to the distal anastomsis in the art e r y 
bridge and the directly repaired groups. In the Crush ed 
group, it was taken at 3 mm level distal to the distal 
margin of the crushed segment. 
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APPENDIX VI 
RAW DATA COLLECTED IN THE EXPERIMENT 
Muscle Twitch 
Artery Bridge Groups 
E i~h t -h'eeks - survival 




















































































Horseradish Peroxidase Labelling of the Anterior Horn 
Cells 
Artery Bridge Groups 
treated 
Eight-,,,reeks-survi val 














































Sham Operated and Normal Groups 
treated untreated 
Four-hleeks-survival 

































Myelinated Axons Counting 
Artery Bridge Groups 
Eight-weeks-survival 
Twel ve-weeh:s-survi val 
Crushed Groups 
Four-weelrs -surv i val 
Eight-weeks-survival 
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